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A recently completed study has shown that emissions of participate, carbon monoxide, and organics (including polycyclic organic matter) are relatively high from residential woodburning stoves and fireplaces when compared to emissions from residential gas-and oilfired furnaces. Since these emissions include a number of potentially hazardous compounds; the trend toward greater residential wood usage can have a negative impact on local ambient air quality. EPA is currently studying ways to operate existing stoves and design new stoves to minimize air pollutant emissions.
The Combustion Research Branch of EPA's Industrial Environmental Research Laboratory in Research Triangle Park, NC, has sponsored in-house and contract studies for the past 15 years to investigate the problem of reducing air pollutant emissions from residential space heating combustion equipment. Until recently the emphasis has been on natural gasand oil-fired equipment. However, with recent sharp rises in the cost of heating oil, and to a lesser extent natural gas, many Americans have switched to wood as a primary or secondary source of heat. It is estimated that 1.5 million new fireplaces and wood-burning stoves are being installed annually. Thus, EPA has initiated studies to determine the effect on the environment of conversion to wood.
To assess properly the impact of increased wood combustion for residential heating, EPA has initiated several projects. One recently completed study 1 was conducted by Monsanto Research Corporation to quantify criteria pollutants and characterize other atmospheric emissions from wood-fired residential combustion equipment. A second study 2 is being conducted by Battelle-Columbus Laboratories to determine the effect of operating variables and stove design on air pollutant emissions. As a result of these studies follow-on work Copyright 1980-Air Pollution Control Association 862 will be performed to determine the effect of combustion modification, probably by design change, on emissions and combustion efficiency. Another study 3 is being performed at Dartmouth College to analyze ambient air samples from an area in which wood-burning equipment is widely used.
Major Findings of Characterization Study
The study by Monsanto 1 was performed at Auburn University on three equipment types: a zero clearance fireplace, and two airtight cast iron stoves (baffled and nonbaffled). The stoves were capable of accepting about 15 kg (33 lb) of wood per charge. Wood tested included red oak (seasoned and green) and yellow pine (seasoned and green). Air pollutant emissions sampled included carbon monoxide, nitrogen oxides, sulfur oxides, organic species (including polycyclic organic matter), condensable organics, particulates, and trace elements. Bioassay analyses were also performed on the stack emissions and bottom ash.
Sampling Methods
Particulate mass measurements were made with the EPA Method 5 sampling train with a backup filter between the third and fourth impingers for collection of material which passed through the system. Sulfur oxides were measured by EPA Method 6. Nitrogen oxides were measured by EPA Method 7. Concentrations of carbon monoxide, carbon dioxide, and oxygen were determined by EPA Method 3, employing the Orsat technique. A Drager tube was used for measuring CO emissions from fireplaces. The Ci -CQ hydrocarbons were sampled in Tedlar bags for analysis by a gas chromatography flame ionization detector. Aldehydes were measured by a technique designed for ambient sampling, 4 and modified for stack sampling by drawing flue gas through a 10% aqueous sodium bisulfite solution. 1 To screen for polycyclic organic matter (POM), an ultraviolet fluorescence technique was employed. 5 A modified Method 5 procedure was used to obtain samples of particulate, POM, and other organic emissions. Also, a Source Assessment Sampling System (SASS) train was used to sample for particulate mass and size The wood-burning stoves were mounted on an electronic scale which provided a digital readout of mass. Readings were taken prior to and immediately after charging wood, and at start-up and shutdown of various sampling trains to facilitate emission factor determination.
Thermal Efficiency
Thermal efficiencies (useful heat recovered divided by heat content of the wood) for the two stoves tested ranged from 40 to 60%. The fireplace had a maximum thermal efficiency of about 23%.
Chemical Analyses Results
Average criteria pollutant and POM emissions for the three wood-burning devices are presented in Table I for the four woods tested. Test conditions are shown in Table II . The airtight stoves had significantly higher emissions of CO and POM, while NO X emissions were greater from the fireplace. Other than higher organic emissions from green pine, wood type was not a major variable. It should be noted that the results of this study only represent one set of combustion conditions and there are many significant variables in the residential wood combustion process (e.g., air damper setting, wood burning rate, log size, physical arrangement of the fuel, and flame intensity). However, the conditions tested do represent a significant portion of the source population. The units were operated with air dampers fully opened.
Other conclusions and observations included the fact that there was no significant variation between particulate emissions from the fireplace and wood stoves. Also, filterable particulate emissions were determined to be organic (50 to 80% carbon) and had resinous qualities. Condensable organic emissions, ranging from 3.3 to 12 g/kg, were greater in magnitude than the filterable particulates, often by a factor of two. As expected, sulfur oxide emissions were very low («0.2 g/kg) due to the low sulfur content of the wood (0.01%).
Trace element emissions were about 1 mg/kg, or less. Since these values are two to three orders of magnitude lower than typical concentrations in wood, it is assumed that most of the elements remain in the ash.
Flue gas temperature measurements showed that the combustion process is cyclic. Some emissions were affected by this. CO varied by more than an order of magnitude during combustion of one charge of wood, as shown in Figure 1 . Average CO emissions ranged from 15 to 30 g/kg for the fireplace and from 91 to 370 g/kg for the stoves. Butcher and Sorenson 8 have shown that particulate emissions decrease during the wood-burning cycle, as shown in Figure 2 . On the other hand, NO X emissions were relatively stable during the cycle. NO X In order to put the criteria pollutant emissions in perspective, Table III provides a comparison of emissions from gas, oil, coal, and wood-fired space heating equipment. The table clearly shows that CO and particulates are significantly higher from wood-burning stoves and fireplaces than from gas-and oil-fired residential sources. It should be noted that emissions in Table HI are based on heat input values, and thus do not take equipment efficiency into account. If efficiencies were taken into account, the results would be even more dramatic.
Over 75 organic compounds were identified from flue gas samples. Of these, 22 were POMs and the remainder were mainly aldehydes, furans, phenols, and naphthalenes. The POMs accounted for up to 35% of the mass of organics identified by GC mass spectroscopy. However, over 50% of the organics were not chromatographable by GC/MS. This latter material mainly consisted of high molecular weight organic acids and fused ring aromatics (e.g., POMs with molecular weights greater than 302).
Emissions
. This is consistent with the CO and NO* results which indicate higher combustion temperature in the fireplace.
Emissions of POMs from wood combustion were high compared to other residential heating fuels, even when compared to coal-fired systems, 1 therefore, POM emissions from wood combustion will likely be of great environmental concern.
The POM screening test, which gives results as a range, was found to compare well with more quantitative measurements. The results of the POM field screening tests are shown in Table V with laboratory screening of the samples and the gas chromatography/mass spectrometry (GC/MS) results of the 6 POM train samples. The results are in good agreement. The variation which did occur is likely due to the different sampling periods employed (30 to 60 min for the screening tests vs. 60 to 120 min for the POM train) and the cyclic nature of the wood-burning process.
Bioassay Analyses Results
Twelve SASS train runs were made to provide bioassay samples (one for each test condition). Each SASS train run resulted in 2 bioassay samples. One sample came from the front half of the train (cyclone and filter catches and wash residues). The second sample consisted of the extract from the XAD-2 resin which is designed to catch organics. Twelve samples of each were submitted for the Ames test (Salmonella/microsome mutagenesis assay) and the CHO test (clonal toxicity assay). Results are shown in Table VI . 10 All of the flue gas samples showed mutagenic activity and clonal toxicity. The cytotoxicity results indicated that the combined organic module rinse plus XAD-2 resin extracts were, as a group, more toxic than the particulate catch extracts. The nonbaffled stove samples were most toxic and the fireplace samples were less toxic. Of the 24 samples tested, 21 were highly toxic.
Samples of combustion residue (ash) were also collected for each test condition and 8 of the 12 were submitted for bioassay analyses. The ash samples showed no mutagenic response and exhibited either no toxicity or low toxicity.
The ash samples were also submitted for rabbit alveolar macrophage (RAM) cytotoxicity assays. All four samples were evaluated as having low toxicity. Also, ash samples were submitted for freshwater toxicity assays. Both samples tested had nondetectable toxicity. 10 
Ongoing Study of Combustion Variables
The above discussion makes it obvious that the effect of variables such as air/fuel ratio, secondary air, physical arrangement of the fuel, firing rate, combustion temperature, and equipment design needs to be investigated further. Therefore, EPA is sponsoring an ongoing study 2 at BattelleColumbus Laboratories to evaluate these parameters. The objective of this study is to review the state-of-the-art, select equipment for tests, characterize emissions under a variety of operating conditions, and identify potential combustion modifications to reduce emissions. In addition to a literature search, Battelle is reviewing ongoing work by others (e.g., EPA, DOE, Canadian Combustion Research Laboratories, other federal and state agencies, and universities). They are also surveying available designs of woodburning equipment.
Based on the survey, stoves of three different designs will be tested. Tests will be run under different modes of operation with a variety of hardwoods and softwoods. Chemical, physical, and biological analyses will be conducted. Continuous measurements will be made of NO*, SO 2 , HC, CO, CO 2 , and O 2 . POM will be screened and measured by the same techniques that Monsanto used, as described previously. Other measurements will include: total chromatographic hydrocarbons, dioxins, smoke, particulate mass and size distribution, fine particle analysis, and analysis of creosote and soot deposits. Limited bioassay analyses will be performed.
The equipment shall be modified, as necessary, to provide for flexibility in choice of combustion modification conditions.
Correlation with Ambient Air Samples
In order to determine how emissions sampled from the flues of wood-burning equipment compare with ambient samples, EPA has awarded a research grant 3 to Dartmouth College. Ambient samples will be collected in a rural New England village where wood is the primary fuel for space heating. The study is designed to determine whether the same organic compounds found by Monsanto are also found in the ambient atmosphere. The grant is scheduled for completion by the Fall of 1981.
Conclusions
The Monsanto study provides the most comprehensive data on emissions from residential woodburning devices available to date. Even though the results apply only to the equipment and fuels tested, they do represent a significant portion of the source population. Also, from an emissions viewpoint the one set of excess air conditions tested represent "good" operating practice. Operation under starved air conditions would be expected to result in significantly higher emission levels.
The study provided some interesting findings. No significant differences were found in criteria pollutant emissions or efficiencies between the baffled and nonbaffled stoves. Table  V indicates that POM emissions were higher from the baffled stove. This shows that, at least for the designs and conditions tested, the baffled stove did not improve combustion. This may, or may not, be true for other baffled stove designs.
Of the four woods tested only yellow pine in the green state had any noticeable effect on emissions. Particulate, condensable organic, and POM emissions were all higher with green pine, but usually by less than a factor of three.
The results showed that conditions were more favorable for complete combustion in the fireplace than in the stoves. This is most likely due to a higher level of excess air and possibly due to more uniform air distribution.
It is evident from the study that organic emissions are relatively high. Since these emissions include a number of potentially hazardous compounds, such as aldehydes and POMs, the trend toward greater residential wood usage can have a negative impact on local ambient air quality. Even though 16,000 a Test procedure was based on visual observation and was at best semiquantitative; as a result POM concentrations are expressed as a range. Agreement between laboratory and field measurements indicates reproducibility in observation of fluorescent intensity. b Micrograms of POM per actual cubic meter of flue gas. c Blanks indicate no data were obtained.
• wood stoves are more thermally efficient than fireplaces, their increased usage has the potential for creating serious air quality problems. Clearly, the environmental impact of increased residential wood combustion needs to be thoroughly evaluated.
On the positive side, the Monsanto study showed that combustion residue (ash) is not a serious problem. The ash samples tested were not mutagenic and had either low toxicity or no toxicity.
Hopefully, ongoing and future studies, such as the Battelle study, will provide some solutions to the emission problem. Through proper redesign, and modification of the combustion process, wood stoves may be able to operate with acceptable emission levels, and more efficiently. More complete combustion would not only reduce organic emissions, but would improve efficiency. The study should also provide insight about ways to operate existing stoves to minimize air pollutant emissions.
